Introduction {#sec1}
============

Acute myocardial infarction (AMI) is one of the major causes of morbidity and mortality worldwide.[@bib1] During AMI, cardiomyocytes suffer from hypoxia, which induces a severe inflammatory response,[@bib2] subsequently promotes myocytes apoptosis and cardiac fibrosis, and finally leads to a worse cardiac function, even heart failure.[@bib3]^,^[@bib4] Cardiomyocyte apoptosis is the most common phenomenon among all kinds of cardiac diseases, which is mediated by intrinsic, extrinsic, and endoplasmic reticulum pathways through pro-apoptotic or anti-apoptotic molecules.[@bib5]^,^[@bib6] Thus, it is valuable to prevent cardiomyocyte apoptosis for cardiac disease, especially for ischemic cardiac disease. However, the molecular components involved in regulating programmed apoptosis in the heart remain largely unidentified.

Noncoding RNAs (ncRNAs), a class of RNAs that do not encode proteins but function as key molecules for cell processes,[@bib7] are divided into long noncoding RNAs (lncRNAs), microRNAs (miRNAs), tRNAs, rRNAs, Piwi-interacting RNA (piRNAs), guide RNA (gRNAs), small nuclear RNAs (snRNAs), circular RNAs (circRNAs), small interfering RNAs (siRNAs), and small nucleolar RNAs (snoRNAs) according to their length, function, and structure.[@bib8] Recent studies mainly focused on lncRNAs, miRNAs, and circRNAs, which have been proved to play a crucial role in multiple cell processes, including cell cycle, cell proliferation, cell invasion, and cell death.[@bib9]^,^[@bib10] Accumulating evidence shows that lncRNAs and miRNAs regulate fundamental molecules associated with cardiomyocyte apoptosis, as well as ischemic cardiac diseases. lncRNA CARL inhibited anoxia-induced mitochondrial fission and apoptosis in cardiomyocytes through regulating miR-539 and decreased the expression of PHB2.[@bib11] The lncRNA Mhrt-Nrf2-dependent pathway attenuated doxorubicin-induced cardiomyocyte apoptosis and cardiac dysfunction.[@bib12] In addition, reduction of the expression of lncRNA UCA1 promoted cardiomyocyte apoptosis partially through stimulation of p27 expression.[@bib13]

Bak1 is a member of the proapoptotic Bcl-2 family, which can be antagonized by antiapoptotic members such as Bcl-2.[@bib14] In response to an apoptotic stimulus, activated BH3-only proteins directly induce a conformational change of Bak1, which subsequently oligomerize and insert into the mitochondrial membrane, where they form pores either by themselves or by associating with the permeability transition pore complex.[@bib14] Consequently, proapoptotic factors are released from the inner mitochondrial membrane into the cytosol, such as cytochrome *c* (Cytc), which contributes to the formation of the apoptosome and subsequent activation of the caspase cascade.[@bib15]^,^[@bib16] It has been reported that Bak1 was a target of miR-125b-5p, and miR-125b-5p protected the heart from myocardial infarction (MI) by repressing pro-apoptotic Bak1 in cardiomyocytes.[@bib17]

In a previous study, we found that lncRNA MIRF participated in AMI by regulating Usp15 through acting as a competing endogenous RNA (ceRNA) for miR-26a.[@bib18] Both apoptosis and autophagy are essential processes during AMI; thus, we want to further explore whether the MIRF-miR26a axis regulates cardiomyocyte apoptosis during AMI. In this study, our results showed that lncRNA MIRF contributed to cardiomyocyte apoptosis by modulating miR-26a, and then promoted the expression of pro-apoptotic protein Bak1. Our finding provides new insight into the roles of lncRNAs and miRNAs in the development of AMI.

Results {#sec2}
=======

Silencing miR-26a Promotes Cardiac Apoptosis *In Vitro* and *In Vivo* {#sec2.1}
---------------------------------------------------------------------

To determine the function of miR-26a in MI, we generated an MI mouse model. As shown in [Figure 1](#fig1){ref-type="fig"}A, the expression of anti-apoptotic protein Bcl-2 was decreased, whereas the expressions of pro-apoptotic proteins Bax and Cytc were increased in MI mice, which suggested an increase of apoptosis level. Meanwhile, we found that the expression of miR-26a was decreased in the hearts of MI mice ([Figure 1](#fig1){ref-type="fig"}B). To further examine the role of miR-26a during cardiomyocytes injury, we used 200 μM H~2~O~2~ to induce neonatal mouse cardiomyocytes (NMCMs) injury. In keeping with *in vivo* results, H~2~O~2~ treatment inhibited the expression of Bcl-2, but increased the expression of Bax and Cytc at protein levels ([Figure 1](#fig1){ref-type="fig"}C). Thus, H~2~O~2~ treatment induced a time-dependent cardiomyocyte apoptosis. Furthermore, miR-26a level was also decreased in H~2~O~2~-treated cardiomyocytes with time dependence ([Figure 1](#fig1){ref-type="fig"}D). These results showed that miR-26a was decreased during cardiac injury, along with a high level of cardiac apoptosis.Figure 1Downregulation of miR-26a during Cardiac Injury *In Vivo* and *In Vitro*(A) Dysregulation of apoptosis-relevant proteins in a mouse model of myocardial infarction (MI). n = 4; ∗p \< 0.05 versus sham. (B) Downregulation of miR-26a in the heart of MI mice. n = 6; ∗p \< 0.05 versus sham. (C) Dysregulation of apoptosis-relevant proteins in a cellular model of oxidative stress by H~2~O~2~ in cultured neonatal mouse cardiomyocytes (NMCMs). n = 3; ∗p \< 0.05 versus control. (D) Downregulation of miR-26a in H~2~O~2~-treated NMCMs. n = 4; ∗p \< 0.05 versus control.

To further identify the function of miR-26a in the MI process, we generated miR-26a sponge transgenic mice (KD-miR-26a mice) to knock down the expression of endogenous miR-26a. As illustrated in [Figure 2](#fig2){ref-type="fig"}A, knockdown (KD) of miR-26a decreased Bcl-2 protein level but increased Bax and Cytc protein levels, indicating that KD of miR-26a promoted cardiac apoptosis. Also, TUNEL staining showed a significant increase of TUNEL-positive cell numbers in KD-miR-26a mice ([Figure 2](#fig2){ref-type="fig"}B). Then, we knocked down miR-26a expression in NMCMs by using AMO-26a ([Figure 2](#fig2){ref-type="fig"}C); the western blot analysis showed that deficiency of miR-26a decreased Bcl-2 expression but increased Bax and Cytc expression levels ([Figure 2](#fig2){ref-type="fig"}D). At the same time, loss of miR-26a increased caspase-3 activity ([Figure 2](#fig2){ref-type="fig"}E). Furthermore, silencing of miR-26a increased the numbers of TUNEL-positive cells ([Figure 2](#fig2){ref-type="fig"}F). Taken together, inhibition of miR-26a induced cardiomyocyte apoptosis.Figure 2Knockdown of miR-26a Results in Apoptosis *In Vivo* and *In Vitro*(A) Knockdown of miR-26a led to the upregulation of Bax and Cytc, and downregulation of Bcl-2 in mice. n = 3; ∗p \< 0.05 versus WT. (B) TUNEL staining was used to detect the cardiac apoptosis of mouse heart. Green, TUNEL-positive cardiomyocytes; blue, DAPI. Scale bars: 20 μm. ∗p \< 0.05; n = 3. (C) Quantitative real-time PCR determines the expression of miR-26a in NMCMs after transfection of AMO-26a. n = 4; ∗p \< 0.05 versus control. (D) Silencing miR-26a increased the expression of Bax and Cytc, but decreased the expression of Bcl-2 at protein levels in NMCMs. n = 3; ∗p \< 0.05 versus control. (E) The activity of caspase-3 in cardiomyocytes. ∗p \< 0.05; n = 4. (F) Pro-apoptotic effects of miR-26a inhibition in NMCMs, as revealed by TUNEL staining of chromosome fragmentation.

Overexpression of miR-26a Protects against Cardiac Injury by Inhibiting Cardiac Apoptosis {#sec2.2}
-----------------------------------------------------------------------------------------

To examine whether enhancing miR-26a expression could protect against cardiac apoptosis, we transfected NMCMs with miR-26a mimics to enhance miR-26a expression *in vitro* ([Figure 3](#fig3){ref-type="fig"}A) and exposed them to 200 μM H~2~O~2~ for 12 h. miR-26a removed the detrimental effect of H~2~O~2~ on cardiomyocyte apoptosis with an increase of Bcl-2 level and a decrease of Bax and Cytc expression ([Figure 3](#fig3){ref-type="fig"}B). Additionally, TUNEL analysis showed that overexpression of miR-26a, but not negative control (NC), reversed H~2~O~2~-induced cardiomyocyte apoptosis ([Figure 3](#fig3){ref-type="fig"}C). Mitochondria are the place not only for producing ATP, but also for apoptosis in cardiomyocytes, and we detected the mitochondrial ATP content to reflect the state of mitochondria in NMCMs. H~2~O~2~ treatment significantly decreased the ATP content, and this effect was reversed by miR-26a mimics, but not NC ([Figure 3](#fig3){ref-type="fig"}D). We then evaluated the effect of miR-26a on mitochondrial membrane potential (MMP) by JC-1 staining. As illustrated in [Figure 3](#fig3){ref-type="fig"}E, H~2~O~2~ induced depolarization of the MMP, as indicated by an enhancement of JC-1 staining, and this effect was attenuated by miR-26a.Figure 3Overexpression of miR-26a Alleviates Apoptosis in MI Mice and in H~2~O~2~-Treated NMCMs(A) Quantitative real-time PCR analysis of miR-26a expression in NMCMs transfected with miR-26a. n = 3; ∗∗p \< 0.01 versus control. (B) Bcl-2, Bax, and Cytc protein levels were detected by immunoblotting. n = 3; ∗p \< 0.05 versus control, ^\#^p \< 0.05 versus H~2~O~2~. (C) TUNEL staining was applied to examine the effects of miR-26a on H~2~O~2~-induced NMCM apoptosis. Green, TUNEL-positive cardiomyocytes; blue, DAPI. Scale bars: 20 μm. (D) Cardiomyocytes ATP content was determined using ATP assay and normalized to protein amount. n = 4; ∗p \< 0.05 versus Ctrl, ^\#^p \< 0.05 versus H~2~O~2~. (E) MMP was identified by JC-1 staining. Red fluorescence represented normal MMP, whereas green fluorescence was indicative of damaged mitochondrial potential. (F) Quantitative real-time PCR assay showed the upregulation of miR-26a in the heart of mice after injection of agomiR-26a. n = 5; ∗p \< 0.05 versus agomiR-NC. (G) TEM was performed to detect the ultrastructure of cardiomyocytes of heart tissues from mice treated with agomiR-NC or agomiR-26a after MI surgery. (H) Immunoblot analysis showed the protein expression of Bcl-2, Bax, and Cytc. n = 4; ∗p \< 0.05 versus sham, ^\#^p \< 0.05 versus MI. NMCMs were cultured and transfected with miR-26a mimics and NC, then exposed to 200 μM H~2~O~2~ for 12 h. (I) Representative images of TUNEL staining showing apoptotic cells (stained in green) in cardiomyocytes. The nuclei were stained blue with DAPI. ∗p \< 0.05; n = 3.

Next, we injected agomiR-26a into mice through the tail vein to enhance miR-26a expression ([Figure 3](#fig3){ref-type="fig"}F). At the third day after injection, the mice were subjected to MI surgery for 24 h. We used transmission electron microscopy (TEM) to detect ultrastructural damage of cardiomyocytes. As shown in [Figure 3](#fig3){ref-type="fig"}G, the mitochondria swelling, broken myofilament, and nucleus dissolution occurred in cardiomyocytes of MI mice, but these damages were greatly ameliorated after agomiR-26a injection. The western blot analysis showed that agomiR-26a injection inhibited MI-induced cardiac apoptosis by increasing Bcl-2 level and decreasing Bax and Cytc expression ([Figure 3](#fig3){ref-type="fig"}H). We evaluated cardiac apoptosis using TUNEL staining and found that overexpression of miR-26a reduced the number of apoptotic myocytes ([Figure 3](#fig3){ref-type="fig"}I). These data suggested that miR-26a protected against cardiac injury by inhibiting apoptosis in cardiomyocytes.

Bak1 Is One of the Direct Targets of miR-26a during Cardiomyocyte Apoptosis {#sec2.3}
---------------------------------------------------------------------------

To elucidate the mechanisms underlying the above phenomenon, we attempted to identify the target genes of miR-26a. The results of TargetScan predicted that the 3′ UTR of Bak1 possessed a directed target site for miR-26a ([Figure 4](#fig4){ref-type="fig"}A). Bak1 is a proapoptotic gene and is involved in cardiac apoptosis and MI. The expression of Bak1 rose both in MI-induced cardiac injury and in H~2~O~2~-induced cardiomyocytes damage with a time-dependent manner ([Figures 4](#fig4){ref-type="fig"}B and 4C). To investigate whether miR-26a targeted on Bak1, we performed dual-luciferase reporter assay in the HEK293 cell line and found that the luciferase activity of the wild-type (WT) 3′ UTR of Bak1 was significantly repressed in the miR-26a mimic group compared with the NC group, and this effect was removed by AMO-26a ([Figure 4](#fig4){ref-type="fig"}D). However, miR-26a had no effect on the luciferase activity of mutant 3′ UTR of Bak1 ([Figure 4](#fig4){ref-type="fig"}D). Moreover, quantitative real-time PCR analysis showed that miR-26a or AMO-26a had no effect on the mRNA expression of Bak1 ([Figure 4](#fig4){ref-type="fig"}E). In addition, overexpression of miR-26a inhibited, whereas silencing miR-26a increased, the expression of Bak1 at the protein level in NMCMs ([Figures 4](#fig4){ref-type="fig"}F and 4G). Furthermore, the protein level of Bak1 was upregulated in the hearts of miR-26a KD mice ([Figure 4](#fig4){ref-type="fig"}H).Figure 4Bak1 Is One of the Direct Targets of miR-26a(A) The sequence and binding sites of Bak1 and miR-26a in human, rat, and mouse. Bak1 was mutated into Bak1 mut with mutant binding bases with miR-26a. (B) The protein expression of Bak1 in the heart of MI mice. n = 4; ∗p \< 0.05 versus sham. (C) The protein expression of Bak1 in NMCMs treatment with H~2~O~2~. n = 3; ∗p \< 0.05 versus control. (D) HEK293 cells were transfected with WT or mutant Bak1 with or without miR-26a for 48 h. The luciferase activity was measured by dual-luciferase reporter assay system. n = 6; ∗p \< 0.05. (E) Quantitative real-time PCR was employed to determine the effect of miR-26a on Bak1 mRNA levels in NMCMs. n = 5. (F and G) The protein level of Bak1 was identified by western blot analysis in cultured cardiomyocytes. n = 3; ∗p \< 0.05 versus control. (H) The protein level of Bak1 was detected by western blot in the heart of WT and KD-miR-26a mice. n = 6; ∗p \< 0.05 versus WT.

Role of lncRNA MIRF as a ceRNA for miR-26a to Promote Cardiac Apoptosis {#sec2.4}
-----------------------------------------------------------------------

Our previous study had found that the expression and activity of miR-26a was regulated by lncRNA MIRF during MI.[@bib18] We thus further investigate the effect of MIRF on cardiomyocyte apoptosis. As shown in [Figure 5](#fig5){ref-type="fig"}A, overexpression of MIRF increased TUNEL-positive cell numbers compared with pcDNA3.1, while this effect was partly alleviated by miR-26a. Meanwhile, overexpression of MIRF decreased antiapoptotic protein Bcl-2 expression and increased proapoptotic protein Bax, Cytc, and Bak1 expression and caspase-3 activity in NMCMs, which was restored after forced expression of miR-26a ([Figures 5](#fig5){ref-type="fig"}B and 5C). Moreover, MIRF inhibited the mitochondria function that was exhibited by mitochondria ATP content assay ([Figure 5](#fig5){ref-type="fig"}D). Furthermore, forced expression of miR-26a mitigated the inhibition of mitochondrial function by MIRF ([Figures 5](#fig5){ref-type="fig"}D and 5E). These results indicated that MIRF induced cardiomyocyte apoptosis by inhibiting the function of miR-26a.Figure 5Forced Expression of MIRF Promotes NMCMs Apoptosis through Regulating miR-26a(A) TUNEL staining labeled apoptotic myocytes, and DAPI staining signed the nucleus. Scale bars: 20 μm. ∗p \< 0.05 versus pcDNA3.1, ^\#^p \< 0.05 versus MIRF. (B) Western blot analysis detected the expression of Bcl-2, Bax, and Cytc in cardiomyocytes. n = 3; ∗p \< 0.05 versus pcDNA3.1, ^\#^p \< 0.05 versus MIRF. (C) The activity of caspase-3 in cardiomyocytes. n = 4; ∗p \< 0.05 versus pcDNA3.1, ^\#^p \< 0.05 versus MIRF. (D) ATP content analysis detected the ATP content in mitochondria of cardiomyocyte, which indicated the function of mitochondria in cardiomyocyte. n = 4; ∗p \< 0.05 versus pcDNA3.1, ^\#^p \< 0.05 versus MIRF. (E) JC-1 staining indicated the MMP in cardiomyocytes. MIRF damaged mitochondrial potential, whereas miR-26a recovered MMP. ∗p \< 0.05 versus pcDNA3.1, ^\#^p \< 0.05 versus MIRF.

Loss of MIRF Attenuates Cardiomyocyte Apoptosis through Modulating miR-26a {#sec2.5}
--------------------------------------------------------------------------

We then applied MIRF siRNA to examine whether silencing MIRF could alleviate H~2~O~2~-induced cardiomyocyte apoptosis. As shown in [Figure 6](#fig6){ref-type="fig"}A, 200 μM H~2~O~2~ treatment induced a significant apoptosis in NMCMs, an effect that was alleviated by silencing MIRF, whereas inhibition of miR-26a abolished the beneficial action of MIRF KD. Western blot analysis showed that KD of MIRF restored H~2~O~2~-induced upregulation of Bax, Bak1, and Cytc and downregulation of Bcl-2 expression, and these changes were abated by silencing miR-26a ([Figure 6](#fig6){ref-type="fig"}B). Furthermore, silencing of MIRF mitigated the H~2~O~2~-induced inhibition of ATP and MMP in NMCMs, inhibition that was effectively attenuated by addition of the miR-26a inhibitor ([Figures 6](#fig6){ref-type="fig"}C and 6D). These results suggested that deficiency of MIRF protected against H~2~O~2~-induced apoptosis by targeting miR-26a.Figure 6Silencing MIRF Ameliorates H~2~O~2~-Induced Cardiomyocyte Injury through Modulating miR-26a(A) TUNEL staining indicated apoptotic cardiomyocytes. Treatment of H~2~O~2~ increased TUNEL-positive cell numbers, which was reversed by si-MIRF, and AMO-26a abolished the effect of si-MIRF. ∗p \< 0.05. (B) Western blot analyzed the expression of Bcl-2, Bax, and Cytc in H~2~O~2~-treated NMCMs. n = 3; ∗p \< 0.05 versus Ctrl, ^\#^p \< 0.05 versus H~2~O~2~, ^&^p \< 0.05 versus H~2~O~2~+si-MIRF. (C) Measurement of ATP content in cardiomyocytes, and ATP content was standardized by corresponding protein concentration. n = 4; ∗p \< 0.05. (D) JC-1 fluorescent probe was used to detect MMP, which indicated the function of mitochondria. ∗p \< 0.05.

AAV9-sh-MIRF and AAV9-sh-Scramble were intravenously injected into mice subjected to MI for 24 h after injection to determine the potential cardioprotective effect of MIRF. TEM analysis showed an obvious improvement of myocyte structure after KD of MIRF, including mild mitochondrial swelling and broken myofilament compared with the MI group ([Figure 7](#fig7){ref-type="fig"}A). In addition, injection of AAV9-sh-MIRF, but not AAV9-sh-Scramble, abrogated MI-induced cardiac apoptosis, exhibiting an increase of Bcl-2 and a reduction of Bax, Cytc, and Bak1 ([Figure 7](#fig7){ref-type="fig"}B). Compared with AAV9-sh-Scramble, AAV9-sh-MIRF decreased TUNEL-positive cells in MI hearts ([Figure 7](#fig7){ref-type="fig"}C).Figure 7Inhibition of MIRF Abrogated MI-Induced Apoptosis in MiceMice were injected with AAV9-sh-MIRF and AAV9-sh-Scramble from the tail vein, then suffered from MI surgery at the seventh day after injection. (A) Representative TEM analyzed the ultrastructure of cardiomyocytes in the risk area of infarcted heart, including mitochondria, myofilament, and nucleus. (B) The protein levels of Bcl-2, Bax, Cytc, and Bak1 were measured by western blot. n = 4; ∗p \< 0.05 versus sham, ^\#^p \< 0.05 versus MI. (C) TUNEL staining indicated apoptotic cardiomyocytes. MI surgery increased TUNEL-positive cell numbers, which was reversed by AAV9-sh-MIRF injection. ∗p \< 0.05, n = 3. (D) Schematic model of MIRF modulating AMI through the miR-26a-Bak1 axis.

Discussion {#sec3}
==========

In the present study, we found that lncRNA MIRF promoted cardiac apoptosis by regulating proapoptotic gene Bak1 through targeting miR-26a ([Figure 7](#fig7){ref-type="fig"}D). These findings revealed the molecular mechanism of the lncRNA MIRF-miR-26a-Bak1 axis on MI and suggested the potential clinical application of lncRNA MIRF and miR-26a for cardiovascular diseases.

Cardiovascular disease, especially MI, is one of the leading causes of hospitalization and death worldwide.[@bib19]^,^[@bib20] Thus, identifying molecular mechanisms and discovering impactful therapeutic targets are important for the treatment of cardiac injury. The fate of cardiac cells after ischemic injury is determined by the balance between cell survival and death.[@bib21] Apoptosis is regarded as one cell death mechanism and can be induced by various stress conditions, such as oxidative stress and endoplasmic reticulum stress.[@bib22]^,^[@bib23] Following myocardial ischemic injury, cardiac apoptosis was dramatically enhanced, which has been widely demonstrated.[@bib24]^,^[@bib25] In our study, we found that Bax and Cytc expression levels were increased, whereas Bcl-2 expression was decreased in the heart of MI mice or in H~2~O~2~-treated cardiomyocytes. Thus, it is valuable to prevent cardiomyocyte apoptosis during MI.

Accumulating evidence has shown the critical role of miRNAs in the pathogenesis of cardiovascular diseases.[@bib26]^,^[@bib27] It has been reported that miR-21 could inhibit the expression of PDCD4 and attenuate cardiomyocyte apoptosis caused by ischemia/reperfusion injury.[@bib28] In our previous study, we found that miR-26a was downregulated during MI, and miR-26a participated in MI through regulating autophagy. Here, we also found that KD of miR-26a increased cardiac apoptosis level, exhibiting an increase of Bax and Cytc and a decrease of Bcl-2 both *in vivo* and *in vitro*. Moreover, injection of agomiR-26a improved MI-impaired ultrastructure of cardiomyocytes and relieved MI-induced cardiac apoptosis. Because mitochondria are the major ATP and reactive oxygen species production organelles in cardiomyocytes, mitochondrial malfunction is tightly related to cardiac apoptosis and contributes to MI. We found that miR-26a could restore the mitochondrial ATP content and increase MMPs that were damaged during H~2~O~2~ exposure.

Further studies explored the underlying mechanisms of miR-26a regulating cardiac apoptosis. It has been reported that miR-125b-5p protected the heart from AMI by repressing Bak1 expression in cardiomyocytes.[@bib17] In our study, bioinformatic analysis showed that there were complementary bases between miR-26a and Bak1, and luciferase analysis showed that Bak1 was a direct target of miR-26a. Furthermore, miR-26a regulated Bak1 expression at the posttranscriptional level.

Increasing evidence suggested that lncRNA might function as pro-apoptotic or anti-apoptotic mediators.[@bib29] It has been reported that KD of lncRNA-ZFAS1 protected cardiomyocytes against AMI via anti-apoptosis by regulating miR-150/CRP,[@bib30] whereas lncRNA H19 protected H9C2 cells against hypoxia-induced apoptosis targeting miR-139.[@bib31] Previously, we clarified that lncRNA MIRF acted as a ceRNA of miR-26a and modulated MI. Here, we found that lncRNA MIRF promoted cardiac apoptosis. Overexpression of lncRNA MIRF significantly increased TUNEL-positive cell numbers and elevated the expression of apoptosis-related proteins in cardiomyocytes. Moreover, lncRNA MIRF reduced mitochondrial ATP content and MMP in cardiomyocytes, which indicated the damage of mitochondrial function, and the disadvantaged effect of MIRF on apoptosis was abolished by miR-26a. On the contrary, loss of lncRNA MIRF alleviated MI- or H~2~O~2~-induced cardiomyocyte apoptosis and promoted the structure and function of mitochondria both *in vivo* and *in vitro*.

In conclusion, lncRNA MIRF inhibited the expression of miR-26a, which targeted on Bak1, leading to mitochondrial dysfunction and cardiomyocyte apoptosis. Taken together, our results suggest that strategies of knocking down lncRNA MIRF or enhancing miR-26a should be further studied in cardiovascular diseases.

Materials and Methods {#sec4}
=====================

Animal Treatment {#sec4.1}
----------------

C57BL/6 male mice (6--8 weeks old; 20--25 g) were purchased from Beijing Vital River Laboratory Animal Technology (Beijing, China). AgomiR-26a (80 mg/kg/day) and AAV9-sh-MIRF (1 × 10^11^ vg/mouse) were injected into mice through the tail veins. Immediately after injection, the mice underwent MI or sham surgery. In brief, the mice were anesthetized using 1%--3% inhalant isoflurane and placed on a heating pad. Animals were intubated and ventilated with medical oxygen using a PhysioSuite MouseVent ventilator. The left anterior descending (LAD) coronary artery was visualized under a stereoscope and ligated using a 7-0 Prolene suture. Regional ischemia was confirmed by visual inspection under a stereoscope by discoloration of the occluded distal myocardium. Sham-operated animals were subjected to the same procedure without occlusion of the LAD. According to the time of MI duration in different groups, mice were anesthetized and hearts were collected. The procedures were in accordance with the regulations of the Ethics Committee of Harbin Medical University and conformed to the *Guide for the Care and Use of Laboratory Animals* published by the US National Institutes of Health (NIH publication no. 85-23, 2011).

TEM {#sec4.2}
---

Hearts slices were isolated and immediately fixed in 2.5% glutaraldehyde buffered with 0.1 M sodium cacodylate. Samples were post-fixed in 1% osmium tetroxide, dehydrated in ethanol, transitioned into propylene oxide, and then transferred into Epon/Araldite resin. Tissues were embedded into molds containing epoxy resin (Ladd Research Industries, Williston, VT, USA) and polymerized for 2 days at 65°C. 50-nm sections were placed onto carbon-coated Formvar slot grids and stained with aqueous uranyl acetate and lead citrate. A total of 60 tissue sections (eight fields of view per section) were observed via a transmission electron microscope (H-7650; Hitachi, Tokyo, Japan) at an accelerating voltage of 80 kV.

Cell Culture and Transfection {#sec4.3}
-----------------------------

Primary neonatal mice ventricular cardiomyocytes were isolated by dissociation of 1- to 3-day-old C57BL/6 mice. Cardiomyocytes were cultured in Dulbecco's modified Eagle's medium (DMEM; HyClone, Logan, UT, USA) containing 10% fetal bovine serum (FBS; HyClone). Cardiomyocytes were transfected with miR-26a or AMO-26a and 2 μg MIRF or si-MIRF plasmid with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Cardiomyocytes were exposed to 200 μM H~2~O~2~ for 12 h to induce cardiomyocyte apoptosis.

Quantitative Real-Time PCR {#sec4.4}
--------------------------

Total RNA was isolated from heart tissues or cultured cardiomyocytes using a TRIzol standard protocol (Invitrogen, Carlsbad, CA, USA). The concentration of RNA was examined by NanoDrop 8000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Reverse transcription of RNA into cDNA used High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). The relative expression levels of mRNAs and miRNAs were quantified by quantitative real-time PCR with SYBR Green I (Roche, Indianapolis, IN, USA). After circle reaction, the threshold cycle (Ct) was determined, and relative mRNA and miRNA levels were calculated based on the Ct values and normalized to β-actin or U6 level in each sample. The specific primers used in this study were shown as follows: U6 RT primer, 5′-CGCTTCACGAATTTGCGTGTCAT-3′; miR-26a RT primer, 5′-GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACAGCCTAT-3′; U6 forward, 5′-CGCTTCACGAATTTGCGTGTCAT-3′ and reverse, 5′-GCTTCGGCACATATACTAAAAT-3′; miR-26a forward, 5′-GCGTAGCAGCGGGAACAGT-3′ and reverse, 5′-CCAGTGCGTGTCGTGGAGT-3′; MIRF forward, 5′-TCTTTCCCAGTTCTCCTTGG-3′ and reverse, 5′-GCAGTAGCAAATTCCCCAAA-3′; Bak1 forward, 5′-CAGGATGGGGTCTCTACGAA-3′ and reverse, 5′-GGGCTTTGGCTACCGTCT-3′.

Protein Isolation and Western Blot {#sec4.5}
----------------------------------

For western blot analysis, total protein samples were extracted from heart tissue or cardiomyocytes using radio-immunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, China) with complete protease inhibitor cocktail (Roche Molecular Biochemicals, Basel, Switzerland). A total of 40--60 μg proteins were fractionated on a 12% SDS-PAGE. After electrophoretically transferring to a Pure Nitrocellulose Blotting membrane (Pall Life Science), the blots were probed with primary antibodies, with β-actin (Proteintech, Wuhan, China) as a loading control. Primary antibodies included Bak1 (14673-1-AP; Proteintech), Bax (5099-2-Ig; Proteintech), Bcl-2 (12789-1-AP; Proteintech), and cytochrome *c* (10993-1-AP; Proteintech). The immunoreactivity was detected and analyzed using Odyssey Clx (Gene Company Limited, Hong Kong, China).

TUNEL Assay {#sec4.6}
-----------

TUNEL assay was used to evaluate cell apoptosis. Cells were plated on coverslips in 24-well culture plates. After 48 h of transfection, the cells were performed using an *in situ* cell death detection kit (Roche, Mannheim, Germany) according to the manufacturer's protocol. The TUNEL-stained slides were washed with PBS and counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Beyotime, Shanghai, China). A fluorescence microscope (Olympus, Tokyo, Japan) was used to acquire the images. Nuclei that were double labeled with TUNEL and DAPI were considered to be TUNEL positive. The TUNEL-positive cells were counted in four non-overlapping microscopic fields of three independent experiments.

Luciferase Assay {#sec4.7}
----------------

HEK293 cells (American Type Culture Collection \[ATCC\], Manassas, VA, USA) were cultured in DMEM containing 10% FBS and 1% penicillin/streptomycin. HEK293 cells were co-transfected with WT Bak1 or mutant constructs and miR-26a, negative control, or AMO-26a. After 48 h of transfection, the cells were harvested and lysed. Luciferase activity was assayed using the Dual Luciferase Reporter Assay System (Promega, Mannheim, Germany) according to the manufacturer's instructions. Firefly luciferase values were normalized to Renilla, and relative ratios of Firefly to Renilla activity were reported.

JC-1 Assay {#sec4.8}
----------

JC-1 assay was used to measure mitochondrial membrane permeability (ΔΨm). The cardiomyocytes were assessed using the JC-1 assay kit (Beyotime, Shanghai, China), according to the manufacturer's instructions. Following treatment, the cells were incubated with the JC-1 stain in the dark at 37°C for 20 min and washed with JC-1 buffer twice. The cells were subsequently observed under a fluorescence microscope (Olympus, Tokyo, Japan).

Caspase-3 Activity Detection {#sec4.9}
----------------------------

Caspase-3/CPP32 Colorimetric Assay Kit (Bio Vision, USA) was used to detect the activity of caspase-3. Then centrifuge lysis cells or tissues with lysis buffer to obtain supernatant. Dilute equivalent supernatant protein with lysis buffer to the reaction tube. Then add reaction buffer and DEVD-pNA substrate into the reaction tube at 37°C for 1 h. Detect the optical density at 405 nm in a microtiter plate reader.

Statistical Analysis {#sec4.10}
--------------------

All statistical analyses were performed using Prism software (GraphPad 5.0), and data are represented as mean ± SEM. Two groups were compared using Student's t tests. Multiple groups were compared using one- or two-way ANOVA test and Tukey's post hoc tests and repeated measures as indicated in the figure legends. Significance is defined as p \<0.05.
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